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ABSTRACT Two time-dependent seismicity models are tested by using recent reliable data of
earthquakes generated in active regions of ten large areas (West Mediterranean, Aegean,
Cyprus, Anatolia, Central Asia, Sumatra-Java, Japan, North Pacific, California, South
America) of the continental fracture system. The first one, called TIMAPR (Time
and Magnitude Predictable Regional) model is based on interevent times of strong
mainshocks (M=6.3-9.0) generated in circular seismogenic regions (networks of
faults). The second, called D-AS (Decelerating-Accelerating Seismicity) model, is
based on triggering of a mainshock by its preshocks. Tests of decelerating-accelerating
precursory seismicity against synthetic catalogues with spatio-temporal clustering
verify the validity of the D-AS model. Backward tests of both models showed that:
a) every strong shallow mainshock is preceded by a decelerating and an accelerating
preshock sequence within well-defined time, space and magnitude windows, allowing
its intermediate-term prediction by the D-AS model, and b) in each circular seismogenic
region the mainshocks show quasi-periodic behavior with interevent times following
the TIMAPR model which is also applied to predict the mainshock. Forward tests of
both models indicate candidate regions for the generation of strong mainshocks during
the next decade (2013-2022 or so). Estimated (predicted) values of their basic focal
parameters (time, magnitude, epicenter) and their uncertainties are given to objectively
define the predicting ability of the joint application of the two models.
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1. Introduction

We examine the time-dependent seismicity along the two large seismic zones of the
continental fracture system, i.e. the Mediterranean-Central Asia-Indonesia zone and the circum-
Pacific zone, where lithospheric convergence takes place and where most of the shallow (h<100
km) and all deep global seismic activity occur along these two large seismic zones. We used data
concerning recent earthquakes generated in very active circular regions (seismogenic regions)
which are located in the following ten areas of these two large zones: 1) West Mediterranean,
2) Aegean, 3) Cyprus, 4) Anatolia, 5) Central Asia, 6) Sumatra-Java, 7) Japan, 8) North Pacific,
9) California, 10) South America. These data are used to check the validity of two time-
dependent seismicity models. The first of these models is the Time and Magnitude Predictable
Regional (TIMAPR) model, which is based on interevent times of strong mainshocks generated
in a region of very active faults (Papazachos et al., 1997, 2010a, 2011). The second model
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is the Decelerating-Accelerating Seismicity (D-AS) model which is based on triggering of a
mainshock by its preshocks (Papazachos et al., 2006b, 2010a, 2011).

A homogeneous (in respect to magnitude) earthquake catalogue for the entire continental
fracture system was compiled spanning more than a century (1.1.1900-31.10.2011), with
completeness defined separately for each one of the ten areas. Data sources searched to compile
this catalogue are the bulletins of the International Seismological Centre (ISC, 2012), the
National Earthquake Information Centre of USGS (NEIC, 2012), the online Global Moment
Tensor Catalogue (GCMT, 2012) and published global earthquake catalogues (Pacheco and
Sykes, 1992; Engdahl and Villasefior, 2002). Magnitudes in these data sources are given in
several scales (M, m,, M,, M, .. M ). To ensure homogeneity of the catalogue in respect to
the magnitude, all magnitudes were transformed into the moment magnitude scale M (=M) by
appropriate formulas (Scordilis, 2005, 2006). The finally adopted magnitude for each earthquake
is either the original moment magnitude (published by Pacheco and Sykes, 1992; GCMT,
2012; NEIC, 2012) or the equivalent moment magnitude estimated as the weighted mean of
the converted magnitude values by weighting each participating magnitude with the inverse
standard deviation of the respective relation applied. Typical errors of the catalogue are up to
0.3 for the magnitude and up to 30 km for the locations, which are satisfactory for the purposes
of the present work. Fig. 1 shows the epicenters of all known strong (M=7.0) earthquakes that
occurred in the continental fracture system between 1.1.1900 and 31.10.2011.

In this paper, after describing briefly the basic principles and the recently improved
procedures for predicting mainshocks by the two models (sections 2 and 3), we present in
section 4 the results of backward tests of both models with the aim of testing the validity of the
two models by recent reliable global data and of estimating (retrospectively predicting) the main
parameters of already occurred recent mainshocks. We also attempt predictions of probably
ensuing mainshocks during the next decade or so in seismogenic regions of each one of the ten
areas examined (section 5). The last section (6) includes the conclusions and discussion.

2. The TIMAPR model

This model was developed in the 1990s on the basis of a large sample of global data
concerning mainshocks that occurred in an equally large number of seismogenic regions
(Papazachos et al., 1997). Additional data of recent strong mainshocks (M=6.3-9.0) augmented
the available global sample thus contributing to the model’s improvement [see for details
Papazachos et al. (2010a, 2011)]. Basic information for the model is given below along with the
improved relations used for prediction of ensuing mainshocks.

2.1. Basic information on the model
The available large sample of global data (interevent times of mainshocks located in each
seismogenic region, etc.) was used to derive two relations of the form:

log Tr=mein+ch+dlog S,+q (1)

Mf=BMmin+CMP+Dlong+w 2)

618



Time dependent seismicity in the continental fracture system Boll. Geof. Teor. Appl., 55, 617-639

0 0 0 120° 160" -160° -120° -80°  -40°

0’ 40° 80° 120° 160° -160° -120° -80° -40°
° 7.0<M<8.0 O 8.0<M<9.0 O M>9.0

Fig. 1 - Epicenters of strong (M=7.0) shallow earthquakes which occurred during the instrumental period (1900-2011)
in the two seismic zones (Mediterranean-Indonesian, circum-Pacific) of the continental fracture system, where the ten
areas, examined in the present work, are located (1. West Mediterranean, 2. Aegean, 3. Cyprus, 4. Anatolia, 5. Central
Asia, 6. Sumatra-Java, 7. Japan, 8. North Pacific, 9. California, 10. South America). The three sizes of open circles
correspond to three ranges of moment magnitudes.

where T (in years) is the interevent time, M is the minimum mainshock magnitude of the
seismogenic region, M, and M  are the magnitudes of the previous and the following mainshock,
respectively, S, (in Joules'” per year) is the seismic strain rate in the seismogenic region and
q, w are constants. The available sample of data (T, M, M[ ), Mf, S ) was used to calculate the
values of the scaling coefficients (6=0.19, ¢=0.33, d=-0.54, B=0.73, C=-0.28, D=0.46) which are
of global validity. The average values of the constants g and w and the corresponding standard
deviations (0,0, are calculated by the available data for each examined seismogenic region.

It has been also shown that the ratio 7/7, of the observed interevent time, 7, to the calculated,
T, [by Eq. (1)], follows a lognormal distribution with a mean equal to zero and a standard
deviation, o (Papazachos and Papaioannou, 1993). This property allows the calculation of the
probability, P(At), for the occurrence of a mainshock with M>M = during the next At years,
if the previous mainshock (M =M, ) occurred in the region ¢ years ago. This is done by the
relation:

F(Lz/g)_ F(LI/G)

P (o)

3)

t+At t . .
where L, = 10g+T, L= logF and F is the complementary cumulative value of the normal

distribution with mean equal to zero and standard deviation, o. T is calculated by Eq. (1), since
M Mp, logS , and the scaling coefficients (b, ¢, d) are known. The constant, g, and its standard

min’

deviation for each seismogenic region are also known.
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2.2. Compilation of a catalogue of mainshocks

The basic Egs. (1), (2) and (3) of the TIMAPR model hold for the mainshocks of each
seismogenic region which is assumed circular in the present work. The seismogenic region
is defined by the distribution of the foci of decelerating preshocks (see section 3.1). The
mainshocks in this region behave as the characteristic earthquakes (Schwartz and Coppersmith,
1984) in a seismic fault. That is, the mainshocks generated in a seismogenic region do not obey
the G-R frequency-magnitude linear relationship (which applies for the smaller shocks of the
region) but their interevent times have a quasi-periodic behaviour and follow Eq. (1). Hence,
it is necessary to decluster properly the original (complete) earthquake catalogue, that is, to
identify and remove all associated shocks (not only those that occur on the mainshock fault a
few days to weeks before and after its rupture [foreshocks, aftershocks] but also other shocks
that occur in the seismogenic region [preshocks, postshocks] up to several years before and after
the mainshock occurrence). For this reason, a minimum mainshock magnitude, M, . and an
appropriate time window, Az, must be defined.

The proper minimum mainshock magnitude of an area depends on the maximum magnitude
level of the generated earthquakes in the area. Thus, for areas with maximum magnitude level
M~7.5 (e.g. Mediterranean, California) the minimum mainshock magnitude can be Mmp:6.5,
and for areas with maximum magnitude level M>7.5 (Japan, N. Pacific, etc.) the minimum
mainshock magnitude can be M, =7.0.

The optimum time window is defined by the ratio o/T, where T is the mean interevent
time and o its standard deviation, because this ratio is a measure of seismic clustering and for
o/T <0.50 an earthquake catalogue exhibits quasi-periodic behavior (Kagan and Jackson, 1991).
By using data of globally occurred earthquakes, it has been shown that for Ar=15.0 years this
ratio becomes smaller than 0.50 and remains almost constant (~0.35) with increasing A¢. For this
reason, the declustering window is taken equal to A7=15.0 years. The validity of this result has
been confirmed (see section 4.1) by using the relative data concerning the seismogenic regions
of the twenty globally occurred mainshocks listed in Table 1. The catalogue of mainshocks in a
seismogenic region, with quasi-periodic properties, results from the application of the following
declustering scheme on the original (complete) catalogue of earthquakes of the region.

The largest earthquake of the available complete sample for a seismogenic region is
considered as the first mainshock of the region. The first mainshock and its associated shocks
(shocks of the original catalogue of the region that occurred within a time window +15.0 years
from the origin time of their mainshock) are excluded from the original catalogue. Then, the
largest earthquake of the remaining (residual) catalogue is considered as a mainshock and
its associated shocks, defined in the same way as previously, are also excluded from the first
residual catalogue, and so on till no earthquake with M=M, remains in the final residual
catalogue. In this way a mainshock catalogue is created for the seismogenic region examined.

2.3. Prediction by the TIMAPR model

For prediction by this model of the origin time, the magnitude and the epicenter coordinates
of an ensuing mainshock in a predefined seismogenic region the following procedure is applied:
The origin time, ¢, is calculated by the empirical relation based on global data:

t,—1,=40.1P;-223 (4)
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Table 1 - Information on the retrospective predictions of the two last strong (M=6.3) mainshocks occurred in each one of
the ten areas the names of which are written in the first column of the table. The 7, M and E(¢,A) are the observed origin
times, magnitudes and epicenter coordinates of these twenty mainshocks, 7 and M, are the retrospectively predicted
by the TIMAPR model, origin time and magnitude, and 7, M, are the retrospectively predicted by the D-AS model,
origin time and magnitude. ¢ and M" are the finally adopted as predicted origin time and magnitude (mean values of
the corresponding values calculated by the two models). E*(¢,A) are the geographic coordinates of the retrospectively
predicted epicenters based on both models.

Area t M E(g.A) t, M, t, M, t’ m E'(¢,2)
. 2003:0521 | 6.8 | 36.9,3.8 | 20042 | 6.9 | 2003.8 | 6.8 | 2004.0 | 6.9 | 36.1,35
W. Mediterranean | 50010224 | 6.4 | 35.3,-4.0 | 1999.1 | 65 | 20040 | 6.4 | 20016 | 65 | 36.6, -4.6
Aegean 2008:02:14 | 6.7 | 36.8,21.7 | 2009.0 | 7.6 | 2007.9 | 6.8 | 20085 | 7.2 | 37.0,213
2009:07:01 | 6.4 | 342,255 | 2011.3 | 7.8 | 2008.7 | 6.4 | 2010.0 | 7.1 | 35.5, 255
Cyprus 1996:10:19 | 6.8 | 345,321 | 1990.5 | 7.1 | 1996.4 | 6.7 | 19935 | 6.9 | 36.2, 32.2
1998:06:27 | 6.3 | 36.8,35.3 | 1994.3 | 7.5 | 1999.2 | 6.3 | 1996.8 | 6.9 | 38.2, 35.1
Anatolia 1999:08:17 | 7.5 | 40.8,30.0 | 1996.9 | 7.8 | 1999.0 | 7.3 | 1998.0 | 7.6 | 40.8, 27.6
2011:10:23 | 7.2 | 387,435 | 20128 | 7.4 | 20126 | 7.2 | 2012.7 | 7.3 | 385,437
Central Asia 2008:03:20 | 7.2 | 355,815 | 2005.0 | 7.4 | 2007.7 | 7.2 | 20064 | 7.3 | 351, 823
2011:01:18 | 7.2 | 28.7.63.9 | 2003.6 | 7.3 | 2011.0 | 7.2 | 2007.3 | 7.3 | 28.7, 61.9
Sumatra 1994:06:02 | 7.8 |-10.4, 112.9] 1988.3 | 7.9 | 1993.6 | 7.5 | 1991.0 | 7.7 |-10.8, 113.5
2004:12:26 | 9.0 | 03.4,95.9 | 2001.3 | 8.3 | 2004.8 | 8.7 | 2003.1 | 8.5 | 02.1,96.7
Japan 2003:09:28 | 83 |41.8,143.9 | 2007.2 | 85 | 2003.0 | 84 | 2005.1 | 8.5 | 416, 142.3
2011:03:21 | 9.0 |38.3,142.4 | 2009.9 | 8.8 | 2011.0 | 8.7 | 2010.5 | 88 |37.0,141.0
N, Pacific 2003:11:17 | 7.7 |51.1,178.6 | 20045 | 8.4 | 20043 | 7.8 | 2004.4 | 8.1 | 51.4, 179.2
: 2006:11:15 | 8.1 |46.7,153.2 | 2006.6 | 8.5 | 2007.3 | 8.1 | 2007.0 | 8.3 |46.1, 1525
California 2010:01:10 | 6.5 |40.6,-124.8| 20058 | 7.4 | 2011.0 | 6.7 | 20084 | 7.1 |40.0,-123,2
2010:04:04 | 7.1 |32.1,-115.2| 20106 | 7.1 | 20124 | 7.1 | 20115 | 7.1 |32.7,-116.2
S America 2001:06:13 | 8.3 |-16.3,-73.6| 20043 | 8.4 | 2001.4 | 7.9 | 2002.9 | 8.2 |-17.3,-72.9
2010:02:27 | 8.8 |-36.5,-73.2| 2011.4 | 9.0 | 2010.4 | 8.6 | 20109 | 8.8 |-35.9,-72.7

where, tf* is a preliminary predicted origin time (given by the relation tf*=tP+Tt) and Pf* is the
probability [given by the Eq. (3), for t= tf*-5.0 years and Ar=10.0 years].

The magnitude, M, of the ensuing mainshock is given by Eq. (2).

The TIMAPR model also contributes to the location of an ensuing mainshock, because the
geographic mean, L, of the epicenters of all known past mainshocks located in the seismogenic
region, is one of the two geographic points used to locate (predict) the epicenter of the ensuing
mainshock (see section 3.1).

There are cases where the available complete instrumental data for a circular seismogenic
region are not enough for application of the TIMAPR model (such cases are mainly observed in
low seismicity areas). In these cases historical data are also used, if such data are available, but
if not, then the radius of the seismogenic region increases in steps till the available instrumental
data allow the application of the model (e.g. till the number of the interevent times between
mainshocks becomes at least 3).
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3. The D-AS model

This model has been developed during the last decade and is explained in detail in published
papers (Papazachos et al., 2006b, 2010a, 2011). Basic properties of the model are described and
improved relations used for prediction of mainshocks are given in this section.

3.1. Basic information on the model

The D-AS model is based on predictive properties of seismicity which preceded each of 67
strong (M=6.3-9.0) earthquakes which form seven complete samples of mainshocks generated
recently (since 1980) in a variety of seismotectonic regimes (28 in Mediterranean, 9 in Central
Asia, 2 in Sumatra, 6 in Japan, 6 in North Pacific, 12 in California, 4 in S. America). Most of
the data of this work can be found in Papazachos et al. (2006b). Observations on the precursory
seismic activity of these mainshock samples indicate that every shallow (h<100 km) strong
(M=6.3) mainshock is preceded by a sequence of smaller shocks which release decelerating with
time seismic strain (decelerating preshocks) and shocks which release accelerating with time
seismic strain (accelerating preshocks). Both sequences (accelerating, decelerating) follow the
power-law relation:

SO =A+B(t —1)" &)

where S (in Joule'?) is the cumulative Benioff strain (sum of square root of seismic energy), ¢
is the time to the mainshock, 7 _is the origin time of the mainshock and A, B, m are parameters
calculated by the available data for each region (Bufe and Varnes, 1993), with m<1 for
accelerating preshocks and m>1 for decelerating preshocks.

Decelerating and accelerating preshocks of a mainshock do not occur in the same space, time
and magnitude windows. Decelerating preshocks occur in a narrow region (seismogenic) close
to the mainshock epicenter whereas accelerating preshocks occur in a broader (critical) region.
The seismogenic and the critical regions are both assumed circular in the present work. The
minimum magnitude of decelerating preshocks of a mainshock with magnitude M (calculated
by the relation M = =0.29-M+2.35) is smaller than the minimum magnitude of its accelerating
preshocks (calculated by the relation M, =0.46-M+1.91). An accelerating seismic sequence
starts earlier (z <t ) and usually ends later than the corresponding decelerating one.

The generation of accelerating preshocks is considered as a critical phenomenon which
leads to the triggering of the mainshock (Tocher, 1959; Sykes and Jaumé, 1990; Sornette and
Sammis, 1995; Knopoff et al., 1996; Brehm and Braile, 1999; Robinson, 2000; Tzanis et
al., 2000; Rundle et al., 2000; Papazachos et al., 2005a; Mignan et al., 2006, among others).
Deceleration of strain in the seismogenic region is attributed to the break of the largest faults
of this region during the first (excitational) phase which is inevitably followed by quiescence
of strain release. This is supported by a frictional stability model (Gomberg et al., 1998) which
explains in this simple way seismic quiescence that follows seismic excitation. The generation
of preshocks in the seismogenic region contributes much to triggering of the mainshock due
to their large magnitude during the first (excitational) phase, to their large number, manifested
by the relatively large (>1.0) b-value (Helmstetter, 2003) during the second phase and to their
geographical proximity to the focal region of the mainshock.
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In an attempt to quantify strain acceleration Papazachos et al. (2002) proposed the index, g,
which is given by the relation:

4= — ©)

where, m is the power-law exponent of Eq. (5), with values between 0.25 and 0.35 that are
in agreement with previous results (e.g. Ben-Zion and Lyakhovsky, 2002), C is the curvature
parameter defined by Bowman et al. (1998) as the ratio of the rms error of the power-law
fit [Eq. (5)] to the corresponding linear fit error and P, is the probability that an accelerating
seismic sequence fulfils the following relations based on global data (Papazachos et al., 2006b):

log R =0.42M - 0.30 log s, + 1.25, 0=0.16 7)
log (1. —1_)=4.60-0.57 log s, o=0.17. (8)

In these two relations, R (in km) is the radius of the circular region (critical region) where
the epicenters of the accelerating preshocks are located, M is the mainshock magnitude, s is
the Benioff strain release rate (in J'%/10*km? yr) in the critical region and 7_ is the start time (in
years) of the accelerating seismic sequence.

Similarly, Papazachos ef al. (2005b) defined the strain deceleration index, g,

P -m

q,= dC ‘ ©)

d

where m, is the power in Eq. (5) with values ranging between 2.5 and 3.5, C, is the curvature
parameter for the decelerating seismicity and P, is the probability that a decelerating seismic
sequence fulfils the global relations:

loga=023M-0.14log s, + 1.40, 0=0.15 (10)

log(t -t )=295-031logs, 0=0.12 (11)
where a (in km) is the radius of the circular region where the epicenters of the decelerating
preshocks are located (seismogenic region), s, is the Benioff strain release rate in this region
(in J"*/10*km* yr) and ¢ , is the start time of the decelerating seismic sequence. Observations
on global data resulted in the following cut-off values of the parameters that describe the
accelerating and the decelerating sequences, respectively:

C <070, P =>045, ¢,22.00, 0.25=m <0.35 (12)

¢,=<0.60, P =045 ¢,23.00, 2.5=m,<3.5 (13)

Both indexes ¢, and g, are very useful in searching for decelerating and accelerating
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precursory sequences related to a mainshock since they are indicative of the quality of the
solutions, because they have their largest values (from global data: ¢ df:8.612.7, qaq=8.012.5)
at the seismogenic and the critical region, respectively. These quality indexes vary with time
[see Fig. 2 in Papazachos et al. (2007a)], attaining their largest values a few years before the
mainshock occurrence. They also vary in space since the geographical point with the highest g,
value corresponds to the center, F, of the seismogenic region, which is close to the mainshock
epicenter, £ (FE=220+60 km), whereas the geographical point where the largest g, value is
found corresponds to the center, Q, of the broader critical region (QE=350+150 km) where
accelerating preshocks are generated (Karakaisis ez al., 2007, 2013). This observation facilitates
the identification of the critical region [see Fig. 10 in Papazachos et al. (2005a)] since problems
have been reported when optimization procedures for defining this region are based solely
on the values of the curvature parameter C (Mignan, 2008). Decelerating and accelerating
sequences are hardly recognizable in circular regions centered at the mainshock epicenter
(low g, and g, values), in accordance with the results of Hardebeck er al. (2008) after tests on
synthetic earthquake catalogues.

3.2. Prediction by the D-AS model

Egs. (8) and (11) are used to calculate (predict) the origin time, 7, of the mainshock which
is the average of the two values calculated by these equations. The magnitude, M, of this
mainshock is the mean value of magnitudes calculated by the Eqgs. (7) and (10).

The location of the epicenter, E(¢,A), of an ensuing mainshock is based on properties
of decelerating preshocks and on the location of previously occurred large mainshocks. In
particular, as predicted epicenter of an ensuing mainshock is considered the geographic mean
(mean latitude, mean longitude) of two points (G, L), where G is the geographic mean of the
epicenters of the decelerating preshocks and L is the geographic mean of the previous known
mainshocks located in the corresponding seismogenic region (see section 2.3).

We consider as predicted origin time, 7", and magnitude, M", the corresponding average
values estimated by the two models and as predicted epicenter, E*(¢,4), the geographic mean
(mean latitude, mean longitude) estimated by the two models. The 20 uncertainties of these
estimated (predicted) values by both models are:

At <5.0 years, AM=04, Ax<200 km. (14)

4. Backward tests of the two models

The TIMAPR and D-AS time-dependent seismicity models have been extensively examined
during the last decade, leading to the identification of several predictive and physical properties
of both models. In this section we use recent global data which are reliable and have not been
used in the development of these models (Papazachos et al., 1997, 2006b), aiming at testing the
validity of their properties. The data used concern the last two strong mainshocks (M=6.3-9.0)
of each one of the ten large areas of the continental fracture system considered in the present
work. The origin times, 7, the epicenter coordinates, E( ¢,4), and moment magnitudes, M, of
these twenty mainshocks are listed in Table 1. This is an appropriate data sample because it

624



Time dependent seismicity in the continental fracture system Boll. Geof. Teor. Appl., 55, 617-639

encompasses mainshocks that occurred in various tectonic settings and in a broad magnitude
range, including the three great (M~9) earthquakes of the past decade (Sumatra 2004, South
America 2010, Japan 2011).

4.1. Backward tests of the TIMAPR model

This model is applied on a declustered catalogue of mainshocks resulted from the procedure
described in section (2.2), adopting a declustering time window equal to 15 years. The interevent
times of these mainshocks have quasi-periodic properties and, along with their magnitudes,
follow Egs. (1), (2), (3) and (4) which are used to predict the origin time, 7, and the magnitude,
M, of an ensuing mainshock. For this reason, two backward tests have to be performed to the
data related to the twenty mainshocks in order to test the validity of these two basic model
properties, namely the length of the declustering time window and the retrospective estimation
(prediction) of the twenty mainshocks.

The available instrumental (1900-2011) complete data of earthquakes that occurred in each
one of the seismogenic regions (defined in section 4.2) of the mainshocks listed in Table 1 were
used to test the validity of the adoption of Ar=15 years as the optimum value of the declustering
time window for obtaining a ratio 0/7T <0.50, which holds for a declustered mainshock catalogue
with quasi-periodic behavior. Fig. 2 shows the variation of the mean value of this ratio against
At (thick black line), calculated for each seismogenic region for A¢ values between 1 and 25
years. The dashed lines correspond to one standard deviation. It is observed that for Ar>15
years all three curves denote ratio values smaller than 0.5. For this reason we may reasonably
conclude that this time window is appropriate for declustering the original (complete) catalogue
of a seismogenic region in order to compile a catalogue of mainshocks with quasi-periodic
properties.

1-2IIIIIIIIIIII[IIIIIII

Fig. 2 - Variation with the declustering
time window, Af, of the average value,
of/T, of the twenty such ratios calculated
for each time step and each of the twenty
seismogenic regions of the mainshocks
listed in Table 1 (thick line). Dashed
ool b v v b b b gnesshowftl;levariationofczles;andard
: eviation of this quantity. For Ar>15 years,
0 5 10 15 20 25 all three lines sgow ra):io values sri,laller
At (yrs) than 0.5 and almost constant.
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To further check the declustering procedure followed we plotted the cumulative number of
shocks of the complete (clustered) earthquake catalogue of each region against time. We found
that for each one of the catalogues of the regions examined, the number of groups (clusters
in time) is equal to the number of mainshocks defined by the applied declustering procedure,
and that the largest earthquake of each cluster is the corresponding large mainshock of the
residual (declustered) catalogue of the region. Fig. 3 shows an example of the application of the
declustering procedure on the earthquake catalogue of the seismogenic region of the Sumatra
2004 earthquake.

As regards predictions with the TIMAPR model we applied the procedure described in
section (2.2) in each one of the twenty seismogenic regions (with center F, and radius a, see
Table 2) to compile the mainshock catalogues which were subsequently used to calculate
[by Egs. (1), (2), (3) and (4)] the retrospectively predicted, by this model, origin time 7, and
magnitude M, for each one of the twenty strong recent earthquakes listed in Table 1.

4.2. Backward tests of the D-AS model

To examine the basic properties of the D-AS model that may be of predictive and/or physical
significance, we carried out the following tests: a) we checked whether each mainshock
from those listed in Table 1 had been preceded by a decelerating and an accelerating seismic
sequence, both easily identifiable and well defined in space and time, consisting of shocks larger
than certain cut-off magnitudes, different for each sequence, b) we also checked the relation
between the start times of the two preshock sequences as well as the frequency-magnitude
distribution of the shocks of these sequences, which may contribute to the explanation of the
physical process that culminates in the mainshock generation, and c) we attempted retrospective
predictions for the twenty mainshocks.
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a) After a grid search (grid 5°x5° around the mainshock epicenter with spacing 0.5°) we found
two distinct geographical points where the strain deceleration index, ¢ & and the corresponding
strain acceleration index, q,, have their largest values. These points correspond to the center
F, of the circular seismogenic region with radius a [given by Eq. (10)] and to the center Q, of
circular critical region with radius R [given by Eq. (7)]. Information on F, Q, a, and R is given
in Table 2, along with the values of ¢ o and 9oy We also determined the indexes g, and ¢, from
shocks located in circular regions (with radii a and R, respectively) centered at the mainshock
epicenter. It is observed that strain deceleration in the seismogenic region and strain acceleration
in the critical region have large values, in agreement with those calculated from global data (see
section 3.1), in contrast to the small values of these indexes determined in the circular regions
around the mainshock epicenter, which in turn agrees with the observations of Hardebeck ez al.
(2008). An example of the spatial distribution of the decelerating (dots) and accelerating (small
open circles) preshocks of the Sumatra, 2004 mainshock is shown in Fig. 4. Plots of the time
variation of the decelerating and accelerating Benioff strain release, S(¢), are also shown at the
lower part of the figure, along with the curves that fit the data. It is noted that both sequences
end when the largest values of ¢ p and ., have been calculated (see section 3.1).

b) In all accelerating preshock sequences examined the start year is, on average, about 8
years smaller than the start year of the corresponding decelerating sequence. This verifies the
early start of the accelerating seismic sequence in respect to the decelerating sequence of a

Table 2 - The geographic centers, F(¢,4), Q(¢,A), and the corresponding radii, a (in km), R (in km), of the seismogenic
and critical region, respectively, of the two last mainshocks of each of the ten areas of the continental fracture system.
Theq,, and q,,are the strain deceleration and the strain acceleration in the circular seismogenic (F, a) and in the circular
critical (Q, R) region, respectively. The g, is the strain deceleration and the g, is the strain acceleration in the corre-
sponding circular regions centered on the mainshock epicenter, E.

Area F(g.2) akm)|  Q(g,4) R(km) Qyr 9ge 9.q 9.

. 347,041 | 227 | 357,053 | 346 10.6 31 37 13

W. Mediterranean | 357" 002 | 175 | 355,060 | 292 8.1 1.7 38 05
Acgean 36.0,209 | 137 | 346, 23.7 | 420 6.8 41 46 2.0
359,258 | 139 | 352,295 | 113 11.4 05 6.8 0.4

Cyprus 362,316 | 139 | 365,275 | 248 78 2.9 9.0 1.9
385 343 | 195 | 356,355 | 199 5.5 06 10.7 27

Anatolia 418,276 | 244 | 369,280 | 321 9.1 4.0 8.7 34
387,440 | 207 | 37.9 400 | 423 8.9 1.6 12.6 2.9

. 350,815 | 81 | 37.0,78.7 | 423 5.3 03 5.0 3.0

Central Asia 29.0,62.2 | 156 | 29.7,61.1 469 9.9 05 5.2 0.2
12,1135 | 211 | -15.0,111.2 | 682 105 1.9 6.1 2.1

Sumatra 024,976 | 631 | 01.9,959 | 2484 7.1 6.4 11.4 8.5
Japan 42.1,141.7 | 188 | 41.4,143.6 | 1590 7.7 5.1 44 44
373,1412 | 364 | 36.8 1384 | 1815 5.3 37 5.5 5.4

N. Pacific 52.0,179.9 | 143 | 556,179.3 | 542 5.6 49 5.7 4.0
' 45.7,1545 | 325 | 50.9,156.9 | 751 10.5 8.5 5.4 28
o 401,-122.8 | 131 | 36.6, 1206 | 261 6.0 29 5.5 0.4
California 32.1,-117.4 | 202 | 29.1,-112.7 | 406 7.4 38 4.9 0.7
. 185,749 | 252 | -125,-736 | 838 12.8 1.9 86 49

5. America -36.9,-74.9 | 533 | -34.0,-75.7 | 2002 | 11.7 4.6 36 1.2
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Fig. 4 - Information on the decelerating-accelerating seismicity which preceded the Sumatra great earthquake
(26.12.2004, M=9.0). Dots (in the upper part) are epicenters of decelerating preshocks which are included in the circular
seismogenic region, small open circles show epicenters of accelerating preshocks located in the circular critical region
and the star shows the mainshock epicenter. The time variation of the decelerating and accelerating Benioff strain, S(7),
is shown in the lower part of the figure. The best fit curves of the time variation of the Benioff strain, which follow the
power-law Eq. (5), are also shown.
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mainshock found in previous work (e.g. Papazachos et al., 2006b; Karakaisis et al., 2013). In
all accelerating preshock sequences the largest preshocks occurred in the second half of their
duration. This increase of magnitude (decrease of b value) in the second half of the accelerating
preshock sequence supports the critical triggering by accelerating preshocks since it corresponds
to the commencement of the decelerating preshock sequence (its excitational phase) in the
seismogenic region, i.e. accelerating preshocks trigger (by stress transfer in a quasi-static
mode) strong decelerating preshocks which further trigger the mainshock (by stress transfer
in static mode) because they have their foci in the vicinity of the mainshock focus. Triggering
of very high seismic activity in the seismogenic region is probably due to the clustering of
very active seismic faults (network of faults) in this region. The excitation in the beginning of
the decelerating sequence results in the subsequent seismic quiescence and the creation of the
decelerating pattern in the seismogenic region. This is because most of the large faults in this
region break during the first phase and few unbroken faults are left to be ruptured during the
second (quiet) phase. Among the unbroken faults is the fault of the mainshock which breaks
later because it requires strong triggering, caused by the quasi-static triggering of the far
located accelerating strong preshocks and by the static triggering caused by strong decelerating
preshocks that occur close to the mainshock epicenter during the first (excitational) phase of the
decelerating sequence.

c) The predictive properties of the D-AS model are tested through the retrospective
prediction of the origin times, 7, and magnitudes, M, of the twenty mainshocks of Table 1,
which are listed in the same table. It is observed that these values are within the corresponding
error windows given by Eqs (14).

The finally adopted origin times, tc*, and magnitudes, M", are the mean values that have
been calculated by the two models and are also listed in Table 1. In this table the retrospectively
predicted (by both models) epicenter coordinates, E*(¢,A), of each mainshock (mean value of
the geographical points G and L) are also listed. The distance, EE*, between the predicted and
the observed epicenters for all twenty cases is also within the error window given by the last of
Eq. (14).

We can conclude here that tests of the two models on a representative sample of recent
global observations verify the known basic predictive and physical properties of both models
and that the results of these tests strongly support the notion that the combined application of
these models may constitute a promising method for intermediate-term prediction of strong
mainshocks.

4.3. Probabilities for random occurrence of the retrospectively predicted mainshocks

Calculation of the probability for random occurrence of a mainshock within the predicted
space, time and magnitude windows is necessary because if this probability is comparable to
that one calculated by the D-AS model (~80%), then the corresponding prediction is practically
meaningless. Calculation of probability for random occurrence is usually based on the
assumption that the magnitudes of the earthquakes of the sample used are distributed according
to the G-R recurrence law (Gutenberg and Richter, 1944) and their times follow a simple
Poisson distribution.

We determined the frequency-magnitude distribution of complete samples of earthquakes
with M=5.2 and <100 km that occurred during 1964-2011 in each one of the predicted circular
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regions with center, E*, and r=200 km, by applying the well known G-R relation:
log N =a —bM (15)

After reducing the constant @, to each annual value, a, we calculated the probability, P (M),
for random occurrence of an earthquake with magnitude M or larger during the prediction time
window ¢ (=10 years) by the relation:

P =1-exp (— %) (16)

where T=10"" and t=10 years (the prediction time window). Since the predicted magnitude
window by the D-AS model is M+0.4, the difference in the probabilities obtained by Eq. (16)
for the two magnitude limits, allows assessing the probability for random occurrence of the
earthquake in the predicted magnitude window.

The calculated probabilities for random occurrence, P (M), of each one of the probably
ensuing mainshocks are listed in Table 3. It is observed that most (~75%) of the probability
values are smaller than 20%, meaning that there is a low ratio of random/D-AS probabilities.
However, one may argue that the test for random occurrence described above is too simple and
more sophisticated tests are needed to check the validity of the D-AS model. Results of such
tests have been published elsewhere but such test is also performed in the present section.

The first test is based on the application of the grid search method on synthetic random
catalogues, following the procedure suggested by Zéller er al. (2001). It was found (Papazachos
et al., 2006b) that the probability for random occurrence of decelerating Benioff strain only is
0.10 and the probability for random occurrence of accelerating strain only is 0.30. Therefore, the
probability for simultaneous random occurrence of both patterns is very low.

The second test is based on comparison of the results of the D-AS model with the results of
the G-R model by the so called R-test (Martin, 1971). It has been shown that the results of the
D-AS model and of the G-R model are clearly distinguishable (Papazachos et al., 2007b, 2009).
Consequently, the performance of the model can be objectively tested after expiration of the end
of the prediction times of all predicted mainshocks in an area.

The third method has recently been proposed by Harderbeck et al. (2008) and concerns
tests of observed accelerating seismicity against synthetic catalogs that include spatiotemporal
clustering. Such tests applied for the Aegean area and for California (Karakaisis et al., 2013)
have shown that observed precursory accelerating seismicity in the broad (critical) region
and observed decelerating seismicity in the narrow (seismogenic) region are both statistically
significant to a very high significance level, for mainshocks in the magnitude range 6.4-7.1.

We present an example of the latter test for the areas of Japan, California and Aegean,
following the procedures suggested by Zoéller et al. (2001) and Hardebeck er al. (2008). We
examined these areas because of their high seismicity and because of the wide magnitude range
of the mainshocks examined (6.4-9.0). We used a complete sample of six large (M=7.5) shallow
mainshocks that occurred in the broader area of Japan after 1980 (1983 M=7.7, 1993 M=7.5,
1994 M=8.3, 1994 M=7.7, 2003 M=8.3, 2011 M=9.0) and two complete samples of eight
strong (M=6.4-7.1) shallow mainshocks that occurred in California and the Aegean after 1995
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Table 3 - Information on the results of the forward tests of the two models, concerning 29 circular seismogenic regions
located in ten areas of the continental fracture system. The names of these areas and their geographic boundaries are
given in the first two columns of the table. M, is the minimum magnitude of the predictable mainshocks in each of
these areas. The ¢ *, M" and E'(¢p.A) are the estimated (predicted) origin times, moment magnitudes and epicenter co-
ordinates (by both models) of the probably ensuing mainshocks. The uncertainties of these estimated values are: <5.0
years for the origin time, <0.4 for the magnitude, and <200 km for the epicenter of the mainshock, with probability
80%. The probabilities, P (M), for random occurrence are also shown.

Area Geographic M n t M E'(p,2) P (M)
boundaries mp ¢ r
1 2016.3 7.6 37.3N, 10.0W 0.11
W. Medi 35.0N - 47.0N 70 2 2014.7 7.2 43.1N, 00.5W 0.02
-Mediterranean | 11 ow - 19.0 ' 3 2017.0 | 7.1 44.8N, 16.9E 0.01
4 2018.7 7.2 40.8N, 15.5E 0.12
5 2015.8 6.7 39.5N, 20.4E 0.54
34.0N - 41.0N 6 2013.7 7.1 38.1N, 20.8E 0.41
Aegean 6.5
19.0E - 28.0E 7 2013.3 7.2 39.9N, 24.8E 0.33
8 2015.2 7.3 35.4N, 25.4E 0.09
34.0N - 37.0N
Cyprus 32.0E — 36.0F 6.5 9 2014.5 6.8 36.4N, 34.4E 0.24
37.0N - 42.0N 10 2018.2 7.6 40.0N, 28.8E 0.21
Anatolia 7.0
28.0E - 44.0E 11 2016.6 7.3 40.5N, 40.1E 0.23
12 2017.0 7.8 42.1N, 68.8E 0.01
20.0N - 44.0N 13 2016.8 7.8 24.6N, 67.6E 0.02
Central Asia 7.5
64.0E - 90.0E 14 2015.5 7.5 41.2N, 86.7E 0.09
15 2015.0 7.5 33.3N, 79.4E 0.06
12.0S - 10.0N
Sumatra-Java 90.0E - 120.0F 8.5 16 2016.2 8.8 09.9S, 108.1E 0.01
17 2016.1 7.8 32.9N, 132.5E 0.17
30.0N - 46.0N
Japan 7.5 18 2014.9 7.5 34.8N, 134.8E 0.09
128.0E - 148.0E
19 2015.8 7.5 38.5N, 139.8E 0.36
20 2015.7 9.0 46.2N, 151.5E 0.02
45.0N - 65.0N 21 2015.2 8.6 51.5N, 178.6E 0.14
N. Pacific 8.5
150.0E - 140.0W 22 2013.7 8.8 53.3N, 163.9W 0.02
23 2015.1 8.7 62.2N, 146.0W 0.12
33.0N - 39.0N 24 2016.6 7.7 36.2N, 120.0wW 0.05
California 7.5
115.0W - 123.0W 25 2014.3 7.9 37.4N, 117.5W 0.01
26 2016.6 8.6 29.9S, 73.3W 0.02
35.05 - 05.0N 27 2014.4 8.1 13.8S, 72.5W 0.01
S. America 8.0
65.0W - 85.0W 28 2015.2 8.7 06.2S, 76.0W 0.03
29 2016.7 8.7 04.0N, 77.8W 0.02

(California: 2010 M=6.5, 2010 M=7.1, Aegean: 1995 M=6.6, 1995 M=6.4, 2001 M=6.4, 2006
M=6.9, 2008 M=6.7, 2009 M=6.4).

The earthquake catalogue of Japan was initially declustered. The spatial window, where
aftershocks following a mainshock with magnitude M occur, was defined as a circular region
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Fig. 5 - Cumulative distribution function (CDF) of the strain deceleration, ¢ " (triangles, left graph) in the seismogenic
regions and the strain acceleration, g (dots, right graph) in the critical regions of all fourteen mainshocks (M=6.4-9.0)
that occurred in Japan after 1980 and in California and the Aegean after 1995 (see text for explanation). Continuous lines
show the CDF curves of the strain deceleration (left graph part) and strain acceleration (right graph) which preceded
the mainshocks of synthetic catalogues with spatio-temporal clustering generated for these three regions, while the
corresponding dashed lines show the 95% confidence intervals determined by bootstrap resampling. Small values of
probability, P, of a Kolmogorov-Smirnov test show that the CDF of the real data, concerning g-values calculated for the
fourteen mainshocks, is significantly different from that of the data of the synthetic catalogues.

centered on the mainshock epicenter with radius L(km)=0.02 x10%*, derived by Kagan (2002)
whereas the temporal window is based on the relation log7(yrs)=-3.5+0.5-M (Utsu, 1969).
The resulted declustered catalogue was used to determine the spatially varying background
seismicity rate in each of the 1x1° cells over the examined area and considering a Poisson time
distribution of the origin times and the G-R distribution for the magnitudes (with b=1), we
estimated the corresponding random spatio-temporal earthquake distributions. We then added
aftershocks which decayed according to the modified Omori’s law (Utsu, 1961) with p =1.08
(Nanjo et al., 1998). Ten synthetic catalogues were thus compiled for Japan and the D-AS model
was applied to all M=7.5 shocks that occurred after 1980 in each catalogue. The above described
procedure was applied to the data of California and Aegean and twenty synthetic catalogues
were also created (10 for California and 10 for the Aegean) and all shocks with M=6.4 after
1995 were examined (details on the parameters used for the compilation of the latter synthetic
catalogues with spatio-temporal clustering can be found in Karakaisis et al., 2013). After the
grid search procedure described previously we identified the geographical points where the
maximum decelerating and accelerating strain, g p and q,, respectively, are observed.

Fig. 5 shows the cumulative distribution of the strain deceleration (triangles, in the left part
of the figure) in the fourteen circular seismogenic regions and the strain acceleration (dots,
in the right part of the figure) in the respective circular critical regions for the mainshocks
examined. The continuous lines in this figure show the cumulative distribution function of the
same indexes of the synthetic catalogues with spatio-temporal clustering, and the dashed lines
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show the 95% confidence intervals based on bootstrap resampling (1000 samples of the ¢ P and
q,, values of the synthetic data were generated). Such confidence intervals were also defined
for the observed values of strain deceleration and strain acceleration and were also used in
determining the probabilities for random occurrence of the decelerating precursory seismicity in
the seismogenic regions and of the accelerating precursory seismicity in the critical regions of
these strong mainshocks in Japan, California and the Aegean. The result is that the probability,
estimated through a two-sample Kolmogorov-Smirnov test (Press et al., 1986), that g values of
real and synthetic catalogues have been drawn from the same population, is very low (P=0.043
for decelerating strain and P=0.001 for accelerating strain). Consequently, the probability
for random occurrence of both patterns before a mainshock (as the D-AS model requires) is
negligible.

Therefore, the result of the applications of these three methods is that relative observations
against synthetic catalogues support the non-random occurrence of precursory decelerating
seismicity in the narrow (seismogenic) region and of the accompanying accelerating seismicity
in the broader (critical) region, in accordance with the D-AS model.

5. Forward tests of both models

Although the tests performed on the two time-dependent seismicity models, and particularly
on the D-AS model, showed that they may adequately represent the time variation of past
seismicity, prediction of future strong earthquakes is needed to check objectively the merits and
handicaps of these and other similar models.

Such forward tests have been already made for the D-AS model and led to interesting
conclusions which were taken into consideration in the revised version of the model applied in
the present work. One of the important such conclusions is the generation of the mainshocks
systematically later than the initially predicted time window. For this reason, this precursory
seismic pattern has been monitored systematically in the Aegean area by repeating every year
the calculations required by the D-AS model. This procedure led to a preliminary false alarm
for the Cythera strong earthquake (8 January 2006, M=6.9, ¢=36.2°N, 1=23.4°E) when data
up to the end of 2000 were used. However, the same procedure led to the final successful
prediction (7 *=2006.1, M'=6.9, ¢"=36.5°N, 1'=22.7°E) when data up to the end of 2002 were
used (Papazachos et al., 2007a). This problem is tackled in the present work by using improved
relations for predictions based on the D-AS model and by performing independent estimations
(predictions) by the TIMAPR model.

Another interesting result of this systematic monitoring of seismicity in the Aegean area is
the successful prediction by the D-AS model (Papazachos et al., 2009) of the strong (M=6.4)
earthquake which occurred on 17 July 2008 in eastern Aegean (¢=36.0°N, 1=27.9°E) and
caused damage in Rhodos island.

It takes much time (some years) to verify or not the result of forward tests for such time
dependent models. For this reason, such tests must be carefully organized by taking into
consideration results of backward tests (see section 4.2), results of tests on synthetic catalogues
(see section 4.3) and results of previous forward tests (Papazachos et al., 2006a, 2007a, 2007b,
2009, 2010b). These results, in addition to their importance for improving the predictive
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relations of the two models, indicated certain constrains (limitations) which must be taken into
account when a forward test is scheduled. Such important constrains are the accurate definition
of the geographical boundaries of the area where the forward tests are applied (e.g. of Japan,
Aegean, California, etc) and the estimation of the minimum magnitude of the mainshocks which
are predictable by both models. The magnitude M, of the smallest predictable mainshock for
each of the ten areas for which both models indicate oncoming mainshocks is given in Table 3
along with the geographic boundaries of these ten areas.

The smallest predictable mainshock by the two models in each of the ten areas depends
on the long-term seismicity level of the area and particularly on the magnitude of the largest
earthquake occurred in the area. Thus, most of the earthquakes in the magnitude range 6.3-
7.0 are associated shocks (aftershocks, foreshocks, preshocks, postshocks) in Japan (where
the magnitude of the largest instrumentally recorded earthquake is 9.0), while most shocks of
this magnitude range are mainshocks in Mediterranean (where the magnitude of the largest
instrumentally recorded earthquake is 7.5). Furthermore, the smallest predictable mainshock
by the D-AS model in an area and during a time interval depends also on the maximum spatial
extend of the already occurring preshock and aftershock activity in the area during the prediction
time window. Thus, the magnitude of the smallest predictable earthquake by the D-AS model in
an area during a certain time period depends on the magnitude of the largest expected main
shock in the area, because if this magnitude is large, a considerable part of the area is covered
by epicenters of preshocks of the largest ensuing mainshock and preshocks of smaller oncoming
mainshocks cannot be distinguished.

Taking these constrains into consideration, the algorithm concerning the D-AS model was
applied to identify in each of the ten areas pairs of decelerating—accelerating seismic sequences
and corresponding pairs of seismogenic—critical regions and to attempt estimation (prediction)
by this model probably ensuing strong (6.3-9.0) mainshocks. Information on the seismogenic
regions defined in this way for each of the ten areas are used to apply the TIMAPR model
for predicting by this model also probably ensuing strong (6.3-9.0) mainshocks. Table 3 gives
the results of these forward tests. The ¢, M" are the joint (and finally adopted) results of the
two models (mean values of the calculated ones by both models). E*(¢,A) are the expected
mainshock epicenter coordinates based on both models. The corresponding uncertainties
At, AM, Ax are given by Eq. (14). The probability for random occurrence, P (M), of these
mainshocks is also shown.

The number of the estimated (predicted) events for each of the ten areas of the continental
fracture system was compared with the number resulted from the observed rate of corresponding
mainshocks which occurred in the same area during the instrumental period, in order to check
whether these estimations are realistic. It is found that, for the nine of the ten areas, the number
of the estimated (predicted) events is compatible with the number resulted from the observed
rates (see an example in Fig. 6 concerning North Pacific). The discrepancy between estimated
number and observed rate concerns West Mediterranean where the estimated (predicted) number
of strong (M=7.0) events during the next decade (2013-2022) is four, while the total number of
earthquakes with M=7.0 that occurred in this area during the instrumental period (1900 -2011)
is only five, and none of these instrumentally recorded strong earthquakes is located in any of
the seismogenic regions of West Mediterranean defined in the present work by the two models.
On the contrary, historical (1500 -1800) strong earthquakes are located in every one of these
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four estimated regions. This last observation suggests that the four seismogenic regions of West
Mediterranean defined in the present work must be considered as candidate for the generation of
strong mainshocks as long as this is indicated by the application of the two models on reliable
(new) data.

Due to successful testing of these two time dependent models by techniques (backward tests,
tests on synthetic catalogues) of which the results are already known, and to the large sample of
reliable global data on which forward tests are based, we may expect that these forward tests to
have important positive implication on the knowledge of time dependent seismicity as well as
of time dependent seismic hazard (e.g. by considering currently active seismogenic regions as
seismic zones for time dependent seismic hazard assessment). That is, positive results of these
forward tests may lead to significant implications of social interest.

6. Conclusions and discussion

Backward tests were performed for the TIMAPR model, based on interevent times of twenty
recent (1994-2011) strong (M=6.3-9.0) mainshocks occurred in the continental fracture system
(Mediterranean-Indonesian and circum-Pacific seismic zones). Corresponding tests for the D-AS
model, based on triggering of the twenty mainshocks by their preshocks, were also performed.
The results of these backward tests support the following conclusions:

Each strong shallow (A<100 km) mainshock is preceded by a decelerating and an accelerating
preshock sequence. Both sequences are easily identifiable in space, time and magnitude
windows before the generation of their mainshock. These windows are different for decelerating
and accelerating preshocks of a mainshock.
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Preshocks trigger the generation of their mainshock and their space, time and magnitude
distributions allow its intermediate-term prediction. Comparison of the observed parameters for
the twenty recently occurred mainshocks with their retrospectively predicted parameters allowed
estimation of the uncertainties, which are within the error windows of the models.

The circular seismogenic region of a mainshock is accurately defined by the epicenters of
decelerating preshocks. This region includes a system (network) of very active seismic faults
where large earthquakes are clustered. These mainshocks have a quasi-periodic behavior. That
is, the mainshocks in a seismogenic region (which behave as the characteristic earthquakes in a
seismic fault) are easily detected by the available seismic observations (instrumental, historic).
Thus, interevent times of the mainshocks located in a seismogenic region follow the TIMAPR
model and allow the intermediate-term prediction of an ensuing mainshock in the region by this
model too.

Although the curvature parameter, C, has been widely used for optimization of accelerating
seismicity, it has been shown (Mignan, 2008, 2011) that this optimization procedure is simplistic
and may lead to unstable and erroneous results. Moreover, most of the relevant published
research work concerns search of accelerating seismicity around the epicenter of an occurred
(or ensuing) mainshock, but such precursory accelerating seismicity is statistically insignificant
(Hardebeck et al., 2008), since its level is very low (Karakaisis et al., 2013).

The D-AS model we apply is different from the approach mentioned above because: a) this
model considers precursory decelerating and accelerating seismicity not around the epicenter
of an ensuing mainshock but in the well-defined seismogenic and critical regions, respectively.
These two precursory patterns (decelerating, accelerating) of an ensuing mainshock occur also in
different time and magnitude windows. The centering of the precursory accelerating seismicity
away from the epicenter of the ensuing mainshock is also supported by work on critical regions
of New Zealand and China (Yang et al., 2001). b) The optimization parameters g dfand q,, [Eqs.
(6) and (9)] take into consideration the curvature, C, but also the parameter, m, of Eq. (5) as
well as the probabilities (P, P ) for satisfying the global Egs. (7), (8), (10) and (11) which have
been derived by large samples of precursory seismic sequences. c¢) Statistical tests on relative
reliable observations against synthetic catalogues with spatio-temporal clustering published
(Karakaisis et al., 2013) or performed in the present work (Fig. 5) verify precursory decelerating
and accelerating seismicity expected by the D-AS model. d) Forward tests of this model in the
Aegean area (where relative monitoring is systematic) led to the successful prediction of the last
strong mainshock in the western part of the Hellenic Arc (Papazachos et al., 2007a) and of the
last strong mainshock in the eastern part of this arc (Papazachos et al., 2009).

Forward tests of the two time dependent seismicity models resulted in the identification
of currently active pairs of decelerating-accelerating seismicity patterns and corresponding
seismogenic regions in each of the predefined ten areas. Inter-event times of the mainshocks
located in each identified seismogenic region and properties of decelerating and accelerating
preshocks led to the estimation (prediction) of the parameters of probably ensuing strong
shallow events in each of the ten large areas of the continental fracture system.

The number of estimated (predicted) strong events in each one of the nine areas (Aegean,
Cyprus, Anatolia, Central Asia, Sumatra-Java, Japan, North Pacific, California, South America)
of the continental fracture system is compatible with the mean rate of the mainshocks with the
same minimum magnitude generated in the corresponding area during the instrumental period
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(1900 -2011). This, however, does not hold for West Mediterranecan where the number of the
estimated strong events for the next decade is much larger than the number resulted from the
rate of corresponding mainshocks generated during the instrumental period.

Discrepancies between predictions made by this method, and corresponding observations,
like the one concerning West Mediterranean, can be understood if three possible results of
these forward tests are taken into consideration. The first possibility is that the predicted event
by the method is a mainshock. A second possibility is that the predicted event corresponds to
a strong associated shock (preshock) or to a barrier which will break during the rupture of the
mainshock fault when the largest barrier of the fault will also break. A third possibility is a
false alarm which can be preliminary, that is, the predicted mainshock to occur out (later) of the
predefined time window. These possibilities are part of the goal of these forward tests, that is,
of the objective determination of the predictive ability of this method, which means objective
determination of successful predictions, false alarms and failures.

It must be finally pointed out that the goal of the present work is to improve knowledge on
time-dependent seismicity. For this reason the present paper is addressed to relative scientists
only.
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